Introduction
Ion implantation is used to understand the effect of damage production in materials for applications in fusion and fission energy [1] . Unlike neutron irradiation, ion implantation allows for better control of variables such as irradiation temperature, dose, energy and, to some extent, dose rate. However, the extrapolation of results from ion implantation to neutron irradiation regarding defect production and microstructure evolution is not straightforward. Effects such as differences in dose rate or sample thickness could affect significantly the evolution of the damage. The influence of surfaces on defect production, defect distribution and damage evolution needs to be understood in order to develop reliable models that can extrapolate the results from ion implantation to neutron irradiation conditions.
In this context, we present here a study, using object kinetic Monte Carlo (OKMC) calculations, of the effect of surfaces on defect evolution in irradiated Fe. We consider, on one hand, the interplay between trapping sites for defects and surfaces. And on the other hand the influence of the initial defect distribution of defects. It is well known from the early 1990s that damage produced close to the surface by an energetic ion in f.c.c. metals gives rise to defect structures that are significantly different from those produced in the bulk [2] . Recent simulations in Fe [3] and in Mo [4] have shown that this is also the case in b.c.c. metals, where large vacancy loops close to the surface have been identified. In order to study how this initial damage distribution (the picosecond damage distribution) affects the long term defect evolution we have used two databases of cascades, one obtained in bulk Fe and another one obtained in thin films with free surfaces [3] . OKMC calculations have been performed to calculate the defect concentration as a function of dose, as well as defect type and average cluster size, for different conditions: bulk cascades with periodic boundary conditions (which would correspond to the case of recoils within a bulk sample), bulk cascades in the presence of free surfaces (which would correspond to implantation at high energies such that the initial damage is not affected by the surfaces) and surface damage in a thin film (which would correspond to irradiation at low energy and damage close to surfaces). In section 2 of this paper we describe the model for damage accumulation and growth used in this work. Section 3 describes the results for the different conditions studied which are discussed in section 4.
Damage accumulation model
Values obtained from ab initio calculations [5] and molecular dynamics simulations [6] are used for migration and binding energies of vacancies and self-interstitials, as shown in table 1. All mobile defects in table 1 are considered to move in three dimensions except for ½<111> loops which move in one-dimension.
All clusters can grow by addition of other defects of the same type. Recombination occurs between vacancy and interstitial type of defects, whether isolated or in clusters. In this particular model, the formation of <100> loops occurs through the interaction between ½<111> loops, following the atomistic simulations of Marian et. al [7] and, more recently, Terentyev et al [8] . This model is not the only one possible for the formation of <100> loops. Recently it was proposed that <100> loops can be formed from the nucleation of C15 clusters formed in the collision cascade [9, 10] . However, the aim of this paper is not to discuss about the model for loop formation but about the effect of surfaces on a particular microstructure evolution model. For such a study we have selected the first model of loop formation; that of coalescence of ½<111> loops. In this model we consider that a <100> loop can be formed as long as the two ½<111> loops interacting have similar sizes, with a maximum difference of 5%. Once the <100> loop is formed it can grow by adding new ½<111> loops, <100> loops or small self-interstitial clusters. Self-interstitial clusters larger than 4 are considered to be ½<111> loops and therefore move with a very low migration energy barrier and in one-dimension. As a result, unless some traps are considered in the matrix, these loops quickly migrate to the surfaces and disappear leaving no residual damage. This, although a desirable situation from a radiation resistance point of view, it is not a realistic scenario. In the experiments there will always be some amount of impurities such as carbon. Therefore, it is necessary to include traps in the simulation. In this model ½<111> loops can be stopped when they find a trap, distributed randomly in the sample, with a binding energy of 1 eV. This trapped ½<111> loop is then immobile and can 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 grow by addition of other loops or small self-interstitial clusters or monointerstitials.
The initial damage distribution produced by the energetic particle is obtained from molecular dynamics simulations [3] . We use two databases of cascade damage: one for damage produced by a recoil in the bulk, that is, simulations with periodic boundary conditions (PBC) and a second set of cascades produced by launching an energetic Fe ion on a Fe thin film (of about 5 nm). All simulations were performed with the interatomic potential of Ackland and Mendelev [11] .
The object kinetic Monte Carlo code MMonCa [13] was used in this study. Unlike other OKMC codes, where clusters are defined as an entity with a particular capture radius and number of defects but where the individual defect location is not considered, in MMonCa all positions of defects are followed. That is, a defect cluster does include all the individual positions of defects that form such a cluster. As a consequence, there is not a single capture radius associated to a cluster, but each defect has its own capture radius. In order to select the most appropriate value for this capture radius we have compared the defect morphology as obtained from the molecular dynamics simulations with that in the OKMC calculation, without allowing for any diffusion. Figure 1(a) shows the distribution of vacancies and self-interstitials obtained from a molecular dynamics simulations of a 50 keV Fe recoil in Fe. Red (light) dots correspond to the location of vacancies while blue (dark) dots correspond to self-interstitials. The location of these defects is calculated using a Wigner-Seitz cell algorithm. Figure 1 (b) shows the location of those vacancies and selfinterstitials as given by the OKMC code when a capture radius of 0.4 nm is used. This capture radius is selected so that the number of monovacancies and monointerstitials matches those from the MD simulation (considering that two defects that are at first-nearest neighbours distance belong to the same cluster). If a larger capture radius is used in the OKMC, immediate recombination between vacancies and self-interstitials occurs and the total number of defects does not match the MD results. If a shorter capture radius is used, the number of defects identified as monovacancies or monointerstitials is larger than those used to identify clusters from the MD simulations. Nevertheless, one must keep in mind that this criterion for clustering of defects is somehow arbitrary, since other cut-off distances could be used. An evaluation of the damage distribution of defects from MD and OKMC, such as those shown in figure 1, reveals that they are very similar, for this cut-off radius of 0.4 nm. 
Results
Using the model described above, we have studied the evolution of the damage produced by energetic recoils in Fe. We have analysed, on one hand, the influence of surfaces on defect concentration and defect size, and on the other hand the influence of the initial defect distribution. As mentioned above, recent simulations of cascades in Fe have shown that damage produced by ion implantation with low energies (~100keV) results in defect structures significantly different from those produced by the same energy recoils but in the bulk of the material [3] . One important difference is the formation of large (> 1nm) vacancy clusters of <100> type when the damage is very close to the surface, together with smaller self-interstitial clusters as compared to bulk damage. Those results, however, only consider the first few picoseconds after the energy is transferred from the recoil to the lattice. Here, we follow the evolution of those defects produced in the cascade over longer times and under continuous irradiation with the use of the OKMC model. Two data bases for cascade damage are used for these calculations both obtained with the same interactomic potential [11] : a database of 100keV recoils in bulk Fe and one of 100keV Fe ion implantation in Fe thin films [3] . In order to decouple the effect of surfaces from the effect of the initial damage distribution we have performed three types of calculations: (1) bulk cascades with periodic boundary conditions, (2) bulk cascades in a thin-film (3) surface cascades in a thin-film. Thin films have a thickness of 50 nm , similar to those used in in situ TEM studies. The simulation box is 200 nm x 200 nm x 50 nm and cascades are located randomly within this box with a dose rate of 8 x 10
14 ions m -2 s -1 . The same calculation is performed for two concentrations of traps in the lattice: 1 appm and 118 appm. Self-interstitial defects bind to these traps with a binding energy of 1eV, which would mimic the effect of having carbon in the sample [13] . Figure 2 shows the total concentration of visible clusters as a function of dose for the case of 1 appm traps and the three different simulations: bulk cascades with PBC, bulk cascades in thin films and surface cascades in thin Author, Author, and Author: Short title Copyright line will be provided by the publisher films. Figure 1(a) represents the concentration of ½ <111> loops while figure 1(b) is the total number of <100> loops. Clusters are considered visible if they have more than 100 defects (~1nm radius). As expected, the total number of clusters when PBC are used is higher than when we consider a thin film. Also, visible clusters appear at lower doses when PBC are used than in a thin film. This is due to the fast migration of ½<111> loops to surfaces in the thin film, that lower the total defect concentration. Note that we did not include any sinks in the simulations with PBC. Comparing the concentration of ½<111> loops for the two cases with free surfaces, bulk cascades and surface cascades, no significant differences are observed, the total concentration is quite similar in these two examples. However, there is an important difference regarding the formation of <100> loops. When bulk cascades are considered almost no <100> loops are formed but, when surface cascades are used, the concentration of <100> loops is comparable to that of ½<111> loops. This is surprising at first since the size of the self-interstitial clusters in surface cascades is smaller than in the case of bulk cascades. Considering that the model that we are using here for <100> loop formation is the recombination of two ½ <111> loops, the reason for this difference has to be the higher probability of two small self-interstitial loops finding each other before finding the surface or a trap in the case of surface cascades. This, in fact, can be rationalized in terms of the distribution of defects within the cascade in the case of bulk damage or surface defects. Figure 3 shows one example of a cascade in the bulk ( figure 3(a) ) and a surface cascade ( figure 3(b) ). As it can be seen here, bulk cascades are spread over a longer range while surface cascades are more localized, in this particular case confined to a region of only 34 x 20 x 26 nm. Therefore, there is a much higher probability for two self-interstitial clusters to interact and form a <100> loop before reaching the surface or a trap in the case of surface cascades than in the case of bulk damage. We have also performed calculations for higher concentration of trapping sites, 118 appm. Figure 4 shows the concentration of ½<111> loops ( figure 4(a) ) and <100> loops ( figure 4(b) ) for the three cases considered in this study. Now, the concentration of ½ <111> loops is almost the same for all three cases. That is, the effect of the surface is negligible since all loops are trapped before they can reach the surface. However, the difference in the concentration of <100> loops is still clear between bulk and surface cascades, since this is an effect of cascade damage distribution and therefore mostly independent of trapping concentration. 25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 of thin films with bulk cascades and with surface cascades. In the case of surface cascades, for any given dose, the average size of the clusters is larger than for the case of bulk cascades. Loops of the ½ <111> type have a constant average size for low doses but after a certain dose, which is lower for surface cascades, the average size of these loops increases rapidly with dose. For the case of <100> loops, the average size remains constant for all doses studied here. The reason for these differences is the nucleation mechanism considered in this model. <100> loops grow through the reaction between ½ <111> loops of similar size, therefore, nucleation sites for these loops are constantly forming as long as the material is being irradiated. ½<111> loops are highly mobile, they can either migrate to the surface, interact to form <100> loops or become trapped. When all trapping sites are saturated, no more nucleation sites for ½ <111> loops can be created and the ones that are already trapped can rapidly grow by the addition of new ½<111> loops. That gives rise to the rapid increase of the average size of these loops at high doses. 
Conclusions
This work shows the importance of surfaces on the microstructure evolution of damage produced by irradiation. Surfaces act as sinks for defects, and, as expected, lower the total concentration of defects compared to bulk irradiation. This effect, however, will depend strongly on the purity of the sample and the presence of traps. More interestingly, if damage is produced very close to the surface, the distribution of this damage differs from that of bulk irradiation, resulting in, not only a different concentration of defects, but also differences in the type of damage that can be observed. In this particular model the differences are mostly related to the ratio of ½<111> to <100> loops. Irradiation close to the surface favours the formation of <100> loops due to the localization of the damage within the cascade.
